ABSTRACT The visible light communication (VLC) system using light-emitting diodes (LEDs) is able to achieve a higher transmission rate compared with the traditional radio frequency network. However, the throughput and average spectral efficiency (ASE) of the system may decrease due to the inter-cell interference and the inter-user interference, particularly for the indoor environment, where the LEDs are densely deployed in the case of multiple users. To suppress such interference, we introduce innovatively the improved tabu search (TS) algorithm into the frequency reuse in the multi-user VLC networks. We propose a bidirectional double tabu list strategy to avoid getting trapped in the situation of the local optimum. In addition, we design the evaluation function and aspiration criterion of the algorithm. We employ the improved TS algorithm to find the optical dynamic frequency reuse scheme by combining the interference graph. The interference graph is used to determine the interference relationships and to construct the solutions to the algorithm. The simulation results show that our proposed scheme effectively improves the throughput and the ASE of the system without lowering the fairness performance, especially in the scenario of numerous users.
I. INTRODUCTION
With the rapid development of modern communication technology, the number of portable information terminals and the demand for access to wireless communication networks have been increasing dramatically. Wireless radio frequency (RF) network therefore is unable to meet the growing demand for communication rate due to its limited spectrum resources [1] - [4] . Visible light communication (VLC) using commercially available Light Emitting Diodes (LEDs) is considered as a powerful alternative or a complementary technology for the next-generation wireless communication networks by virtue of its advantages [5] . For example, VLC exploits vast unregulated bandwidth to potentially offer larger transmission capacity, and it has lower energy consumption and an enhanced security [6] , [7] .
Besides, different from traditional RF communication, since visible light communication (VLC) transfer information with
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carrier allocation and frequency reuse [13] , [14] . To solve subcarrier reuse in VLC networks, Bai et al. [15] proposed a forward-backward marking (BFM) algorithm based on graph theory. This scheme could provide better throughput and fairness. It's complexity, however, would be greatly increased in the case of a huge number of users. Zhou et al. [16] designed a dynamic scheduler using soft frequency reuse to adjust the signal deviation of the cell-edge and cell-center. Cell-edge users' throughput was improved but the overall throughput decreased. Li et al. [17] proposed a user-centric cluster formation technique employing vector transmission to mitigate inference in cellular networks. Jin et al. [18] proposed an interference avoidance approach based on unified frequency reuse and vector transmission. But this method was computationally intensive and cannot guarantee the optimal solution due to the Lagrange method. Fan et al. [19] designed a channel allocation algorithm based on graph coloring and user traffic fairness in VLC networks. Despite it could provide better performance on throughput and fairness, the minimization of interference could not be guaranteed due to the limitation of traditional graph coloring. Chen et al. [20] established a distributed user-centric scheduling framework based on stable marriage theory in VLC networks, but the specific scheduling scheme was not described. Han et al. [21] designed a maximum weighted match (MWM) algorithm. The method can find the maximum weighted independent set by binary matching to determine the user access scheme, however, the complexity increases significantly when the number of users increases. Tao et al. [22] proposed a GWMIN method based on the minimum weighted greedy algorithm. The algorithm can schedule users according to the largest interference-free set, but it is easy to converge locally and cannot reach optimal performance.
To solve the above problems, we propose a dynamic frequency reuse scheme based on the bidirectional double tabu list tabu search algorithm in VLC networks. The main contributions of this paper are outlined as follows.
• We propose an improved tabu search (TS) algorithm -bidirectional double tabu list tabu search (BDTLTS) algorithm. We design the bidirectional double tabu list strategy to avoid getting trapped in the situation of local optimum. In addition, we improve the evaluation function and aspiration criterion of the algorithm. We also describe BDTLTS algorithm, as well as the corresponding relationship with the frequency reuse scheme in detail.
• To mitigate the whole potential interference in multiuser VLC networks, we innovatively employ the BDTLTS algorithm based on interference graph to solve the interference minimization problem. And the algorithm is used to seek the optimal frequency reuse scheme.
• We simulate different metrics to evaluate the performance of the proposed method and verify its validity in different layouts. The remainder of the paper is organized as follows. In section II, we introduce the system model including the channel transmission characteristics and metrics for evaluating the algorithm performance. In section III, we describe the problem by using an interference graph and explain the details of our proposed frequency reuse algorithm. In section IV, we present the simulation results of different methods. Finally, we conclude the paper in Section V.
II. SYSTEM MODEL
In this section, we consider an indoor VLC network, which consists of J LED access points (APs) installed on the ceiling and N photodetector (PD) receivers configured on user equipments (UEs), as shown in Fig. 1 . We only take the downlink transmission into account here. For it is not desirable to use LED in the UE for uplink transmission due to the large amount of energy consumption and visual disturbance to users. We denote the set of LED APs as L = {l 1 , l 2 , . . . , l J } and the set of UEs is represented as U = {u 1 , u 2 , . . . , u N }. In addition, we use on-off keying (OOK) as the modulation scheme for signal transmission in the paper.
A. CHANNEL PROPAGATION MODEL
Assume LEDs are point resources with Lambertian emission patterns. As the reflected signals are usually much weak compared with the line-of-sight (LOS) link signals [23] , we focus mainly on the LOS signals and the first reflection signals for simplicity.
The channel direct-current (DC) gain of the LOS link can be given by
where A is the effective PD area. The parameter d is the distance between transmitter (i.e. LEDs) and receiver (i.e. PDs). ϕ and ψ represent the angle of irradiance and the angle of incidence, respectively. λ is the probability of line-of-sight (LOS) propagation. ψ FOV is the field of view of the receiver. The symbol T s (ψ) denote the gain of the optical filter and g(ψ) is the gain of the optical concentrator. And m is the Lambert index defined as
where φ 1/2 is the semiangle at half illuminance of the transmitter. The gain of the optical concentrator g(ψ) is defined by
where n is the reflective index of a lens at PD. In the common scenarios, T s (ψ) and g(ψ) are usually constant, which are denoted as T s0 and g 0 here.
The channel DC gain on the first diffuse reflection [15] is
where d 1 is the distance between the transmitter and reflect point. And d 2 is the distance between the reflect point and receiver. The symbol ρ and dA wall represent the reflectance factor and a small reflective area, respectively. α and β denote the angle of irradiance to the reflective point and the angle of irradiance to the PD, respectively. The downlink geometry of VLC system is depicted in Fig. 2 . Finally, the non-line-of-sight (NLOS) gain can be expressed with
The above formula is the integral of all reflective surfaces.
Moreover, for a given transmitted optical power P t of each LED AP, the optical power received by PD [24] is calculated with
For the given sensitivity of the receiver κ, the coverage of each AP can be calculated by
where h is the vertical height between ceiling and receiving plane, see Fig. 2 . We define the coordinate of an AP l i as (x i , y i ), so we can determine whether user u j with coordinate (x j , y j ) is within the coverage of the AP. Let the user set covered by AP l i be U i , and we have
The signal to interference and noise ratio (SINR) is defined as the electrical power of received desired signal over the interference electrical power and the noise. Thus, the SINR of the user u j served by AP l i can be obtained with (9) where N 0 is the additive white Gaussian noise (AWGN) power spectral density, and the noise level in indoor environment being approximately 1×10 −21 A 2 /Hz [25] . The symbol B j and B indicate the communication bandwidth occupied by the user u j and the total communication bandwidth. P r,i,j is the received power of the user u j served by AP l i . H i,j (0) is the channel gain of the user u j served by AP l i ; S and I are the set of the desired serve APs and of the interference APs, respectively.
Then, we calculate the achievable data rate of the user u j served by AP l i , i.e. throughput, with Shannon formula
Without considering cooperation transmission, a method of round robin (RR) based on time division multiple access (TDMA) is used. Therefore, the throughput of the user u j in a scheduling period can be calculated by (11) where N i is the total number of the active users in current scheduling period, and N i is assumed to be a constant in each period.
Meanwhile, we can also use spectral efficiency to measure the performance of the VLC system. The spectral efficiency is defined as the achievable transmission rate of each unit VOLUME 7, 2019 bandwidth. Therefore, the link spectral efficiency between AP l i and user u j can be expressed with
Since the RR scheduler is used, the average spectral efficiency (ASE) of AP l i in time division multiple access (TDMA) scheme can be written as
where A i,j is the link spectral efficiency between AP l i and user u j .
The ASE of entire system should be the average value over all APs since the link spectral efficiency is diverse in different links.
In addition, the user fairness is also a metric to evaluate the performance of the networks. Therefore, we use the service fairness index (SFI) [21] to assess the level of fairness experienced by users, and it can be defined as
where R i and R j is the average achievable data rate of user u i and user u j , respectively. Apparently, lower SFI means better fairness. When SFI=0, absolute fairness is achieved.
III. METHODOLOGY
In this section, we investigate the interference mitigation in the indoor VLC networks, especially in the case of multiple users. As for static frequency reuse schemes, the available bandwidth of each AP is constant, which cannot make full use of resources in flexible mobile communication scenarios. It may deteriorate the system throughput and spectral efficiency when the number of users increases. Besides, in view that it is difficult to obtain the global solution using the existing methods with a large number of users, we try to seek an efficient way to acquire good results. We propose a dynamic frequency reuse scheme based on the bidirectional double tabu list tabu search (BDTLTS) algorithm. To suppress interference, we employ the BDTLTS algorithm based on interference graph. And to improve the system throughput and spectral efficiency, we use the dynamic frequency scheme.
A. GRAPH CONSTRUCTION AND PROBLEM FORMULATION
To demonstrate the interference model more clearly and construct the solutions of the proposed algorithm, we first construct an interference graph
, if user u i and user u j interfere with each other. All of the e m constitute set E = {e 1 , e 2 , . . . , } as illustrated in Fig. 3 . The interference includes the whole potential interference. The users located within the overlapping area will suffer from inter-cell interference (ICI) and competing resource among users in the same cell will cause inter-user interference (IUI). Moreover, we define an N -order matrix A= (a ij ) as the adjacency matrix, where
Let S denotes total potential interference including the ICI and IUI, our aim can be expressed with minS.
Thus, our interference minimization problem is transformed into the following edge minimization problem as follows
where X in constraint C2 is a feasible solution to the edge minimization problem, and x i,j in constraint C1 is the element of X. x i,j = 1 indicates that user u i suffers interference from user u j . On the contrary, x i,j = 0 represents that there is no interference between user u i and user u j .
B. DYNAMIC FREQUENCY REUSE BASED ON BDTLTS ALGORITHM
In this section, we elaborate on the proposed dynamic frequency reuse scheme and introduce our improved algorithm -BDTLTS algorithm. The pseudo codes of the proposed scheme are given in Algorithm 1. Then we introduce the steps of the proposed method respectively.
1) LED AP ALLOCATION
Based on the known LED layout and the location of users in the room, we allocate LED APs to all users. We do not Determination of frequency bands for LED APs: 10 Determine the available frequency bands of each AP based on the found frequency reuse scheme and the AP allocation consider cooperation transmission, that is, one single AP serves only one user. We then sort the DC channel gain of all APs in the candidate-allocated set for user u i . Taking one of the sorting results as an example, it can be described as:
In the case of (17), user u i would be served by AP l 1 . That is, users are always served by APs with the best channel condition. However, when more than one AP has the same channel condition, the user randomly selects one AP.
2) ACQUISITION OF FREQUENCY REUSE SCHEME BASED ON THE PROPOSED ALGORITHM
Having obtained the results of APs allocation, now let us solve the minimization problem described in (16) . To solve this problem, we need to find an optimal dynamic frequency reuse scheme. For this end, we consider employing the improved tabu search (TS) algorithm to seek the optimal frequency reuse scheme. The diagram of the TS algorithm is shown in Fig. 4 .
Traditional TS algorithm adopts greedy strategy, which may easily get trapped in the situation of local optimum. And the fixed length of the tabu list may lead to search repeatly. In order to solve the weakness of TS algorithm, we improve the traditional tabu search algorithm. Our improved algorithm is as follows. 
a: SOLUTION CONSTRUCTION
To use the algorithm, we first need to construct solutions combining our investigation. Considering the objective of finding a frequency reuse scheme to minimize the interference, we need to correspond each solution to the algorithm to a frequency reuse scheme. We construct initial solution to the algorithm based on the established interference graph. The initial solution corresponds a scheme that allocating frequency bands to all users randomly. The whole frequency band is assumed to be divided into K segments. To distinguish the different available frequency bands, we notates the indexes as F = {1, 2, . . . , K }. For convenience, we represent index set of all users as U = {1, 2, . . . , N }. Thus the structure of the solution is constructed as follows
where u i j indicates that user u j transmits data with frequency band i.
Furthermore, we interpret the structure of solutions with component form, and it can be written as
where the first line components represent the indexes of users, and the second row components are the results of frequency bands allocation.
Having the above definition, we combine our investigation with the proposed algorithm. Then, the update way of the solutions, that is, the structure of neighborhood, becomes the next step.
b: NEIGHBORHOOD STRUCTURE
The neighborhood of the proposed algorithm is defined as the set of all the other solutions that the current solution can reach by a single move. Considering the structure of solutions and guarantee the comprehensiveness, we employ the component exchange in our work. As a result, the search VOLUME 7, 2019 FIGURE 5. The structure of the bidirectional double tabu list. S-tabu list indicates a short tabu list and l-tabu list indicates a long tabu list. The former is used for recording the solutions that need to be tabooed and the latter is used to store the historical optimal solutions. space corresponds to all possible solutions which can be obtained from the current solution by changing the frequency allocation of any user. The structure of neighborhood is given by
It can be seen from (18) that the frequency band allocated to user u n is changed from f p to f q . We only change one user's band allocation during each neighborhood update process.
Moreover, we need a criterion to measure the quality of solutions.
c: EVALUATION FUNCTION
Evaluation function is an important metric for measuring the quality of solutions to the algorithm. In general, objective function or its variant form is directly used as the evaluation function of the algorithm. In view of our minimization target, we define the total number of edges in the established interference graph as the evaluation function. It can be expressed as
where V i is the set of all users allocated the frequency band i, and E(V i ) is the sum of edges in the set V i . Obviously lower f (s) implies better solution.
d: TABU LIST STRUCTURE
TS algorithm adopts greedy strategy, which may easily get trapped in the situation of local optimum. Therefore, tabu list is introduced into the algorithm. The optimal solutions that the algorithm visited in a given period is recorded in the tabu list. All tagged moves are excluded from the neighborhood and no longer eligible to be accessed. However, the tabu list has fixed length. When the tabu list is full, the earliest move should be removed before the new solution can be added into the end of list. The length of the tabu list determines when each tabu solution can be released and restore accessibility. Based on the structure of solutions, we adopt bidirectional double tabu list, which is a bidirectional short tabu list (s-tabu list) and a long tabu list (l-tabu list) respectively. The structure of the tabu lists is illustrated in Fig. 5 . The former is used for recording the solutions that need to be tabooed and the latter is used to store the historical optimal solutions. According to our regulations, the ordinary solutions will be released from the s-tabu list, but the historical optimal solutions will not be removed from the l-tabu list. When a current solution is the same as the solutions in the l-tabu list for a number of iterations, it is necessary to regenerate an initial solution.
As seen in Fig. 5 , we define the s-tabu list as an L × 4 order matrix, where L is the length of the s-tabu list. The first and the second column elements of the list, i.e. u i and f q , are the indexes of taboo users and the frequency bands occupied by users, respectively. The third column elements describe the frequency bands which will be allocated to users. The fourth column elements are the number of iterations that the move is kept in the list. Unlike the s-tabu list, however, the length of the l-tabu list is not limited. The number of taboo iterations of the solutions in the s-tabu list will decrease, but the solutions in the l-tabu list will not be freed. Besides, we adopt bidirectional tabu strategy, which restricts duplicate move and prevents to return to the original taboo state.
e: ASPIRATION CRITERION
As using a tabu list strategy restrict the neighborhood and might miss certain preeminent solutions, tabu search algorithm allows violation of tabu list by defining aspiration criterion. For each iteration, if a tagged solution is superior to the best move achieved or all solutions are tagged in the tabu list, the tabu tag will be removed by this criterion. The rule opted for our proposal can be written as
where s * and s is the historical optimal solutions and the current solution, respectively.
f: TERMINAL CONDITION
When the best solution remains unchanged for N th iterations or a solution with the evaluation function f (s) = 0 is found, the TS procedure ends. Based on the design above, the detailed steps are listed in Algorithm 2.
3) DETERMINATION OF FREQUENCY BANDS FOR LED APS
According to the solution found by the BDTLTS algorithm and the result of AP allocation, we determine the available frequency bands for each AP. The length of each available band adjusts dynamically according to the number of users that are allocated this band in the user set of this AP. The principle of dynamic frequency reuse is illustrated as Fig. 6 .
IV. PERFORMANCE EVALUATIONS
In this section, we evaluate the performance of our proposed scheme in terms of throughput, ASE, and fairness. We consider two layout conditions consisting of 49 LEDs, which are a uniform layout and a hexagonal layout [26] . Fig. 7 shows the coordinate distribution of two layouts. In our simulation, four interference mitigation methods for VLC networks are selected for comparison. For fair comparison, we must point out that all the algorithms have the same simulation environment constructed in our study and the parameters used in our simulation are summarized in Table I . Besides, 100 users are assumed to distribute randomly and reside in the room in each scheduling period. We count the channel state information and sample the position of users every t seconds. Each t seconds time interval is regarded as a scheduling period and the coordinate of each user varies randomly in different scheduling periods to simulate the movement of users. To avoid the randomness of results, we simulate 100 times for each target. And we first preprocess the simulation data, which will remove the data with large deviations from the 100 times simulation results. After the preprocessing, we take the average of the remaining data to increase the credibility of the simulation results. Moreover, each iteration contains 256 scheduling periods. Moreover, to avoid the randomness of the BDTLTS in the proposed scheme and verify the validity of the algorithm, we give the convergence curve of the algorithm in Fig. 8 . The figure shows the average results obtained from multiple simulations. As seen in Fig. 8 , the algorithm can converge to the optimal value within a finite algebra. Therefore, our proposed method can improve the throughout and the spectral efficiency by optimal frequency reuse scheme.
A. THROUGHPUT INVESTIGATIONS
Throughput (i.e. achievable data rate) is an important criterion to measure communication quality of a system. It can be affected by many factors such as the channel propagation model. Fig. 9 demonstrates the throughput performance of different schemes under two layouts. And it shows the results of considering the reflected signal and the probability of LOS in the channel propagation model. We analyze the performance of user throughput by plotting the cumulative distribution function (CDF) of the average throughput. We first add one user every 256 scheduling periods and take the average of the throughput of per user number. The average throughput shown in Fig. 9 is the average of performing the algorithm 100 times according to the operation. As seen in Fig. 9(a) , under the uniform layout, the throughput of unified frequency reuse (UFR) which all users can use the entire bandwidth, VOLUME 7, 2019 is between 10-100 Mbps. This is a result of huge interference caused by reuse entire bandwidth despite APs can get maximum available bandwidth. By contrast, the throughput achieved by the frequency reuse method with a frequency reuse factor of 2 (i.e. FR-2) is between 20-225 Mbps. That is because that the scheme has lower interference level although the available bandwidth decreases. We can also observe that the throughput achieved by the maximum weighted match (MWM) algorithm [21] and the GWMIN algorithm [22] is mostly between 20-285 Mbps under uniform layout. But GWMIN is easy to fall into local optimum and MWM is unable to ensure that the set of non-interference users found by the method is optimal. As a result, our proposed scheme based on BDTLTS algorithm is between 40-340 Mbps under uniform layout. Obviously, our scheme is superior in all schemes. This is because the bidirectional double tabu list strategy in our algorithm can avoid the algorithm falling into local optimum, and the designed neighborhood structure ensures that the excellent solution will not be missed. When the number of users in the room is large, our scheme shows a more obvious advantage than other schemes, that is, it performs better in terms of throughput performance. The reason for this behavior is that as the user density increases, inter-user interference becomes the dominant factor limiting the system performance. In addition, we also consider hexagonal layout to verify the validity of our scheme, as seen in Fig. 9(b) . The throughput of all methods is higher in hexagonal layout than those in uniform layout for the higher effective optical power can be provided by hexagonal layout. Fig. 10 indicates system average spectral efficiency (ASE) under uniform and hexagonal layout. We analyze the performance of system ASE by 100 users' average ASE in 256 scheduling periods. It is seen that the ASE of all schemes decreased with the increase of users. This is caused by the fact that the competition for bandwidth and the timeslot resources is more intense. According to the formula above, we can know that spectral efficiency can be influenced by the available bandwidth and SINR. In Fig. 10(a) , we clearly observe that the ASE of MWM and GWMIN is higher than that of UFR and FR-2 due to the lower SINR caused by the higher interference level in the two static frequency reuse schemes. For the static frequency reuse scheme, the frequency reuse factor (FRF) is a fixed constant, which is defined as the number of cells in a frequency reuse cluster. A smaller FRF will increase the available bandwidth of each cell, which can improve the spectral efficiency of the non-overlapping area of the cell center, but will reduce the spectral efficiency of the edge users. Therefore, the ASE performance of the UFR with a smaller FRF is worse compared with the FR-2. Besides, fixed bandwidth also restricts further improvement of the system spectral efficiency and user data rate. The ASE of all algorithms presents the same trend under hexagonal layout. By comparison, our proposed scheme shows the best performance in ASE whether in uniform or hexagonal layout. This is because our scheme adopts a dynamic frequency reuse strategy to make full use of resources in flexible mobile communication scenarios. Obviously, we can also see that the ASE performance of the proposed scheme decreases slowly as the number of users increases. The reason can be explained that the proposed scheme will continuously find the optimal frequency reuse scheme with the increase of the number of users, and dynamically adjust the length of each frequency band according to the results of the algorithm. Furthermore, our proposed scheme has a more obvious advantage especially in the scenario of numerous users. Similarly, we also observe that the ASE in hexagonal layout is slightly higher than those in the uniform layout by comparing Fig. 10(a) and Fig. 10(b) .
B. AVERAGE SPECTRAL EFFICIENCY INVESTIGATIONS

C. FAIRNESS INVESTIGATIONS
To further evaluate the effectiveness of the proposed scheme, we use the Service Fairness Index (SFI) to reflect the degree of fairness experienced by users. The objective of ensuring fairness amongst the users is to guarantee that all users benefit from the same throughput within a given period, provided that the users' data rate requirements are identical. Obviously, this is unrealistic. We analyze the performance of system fairness by 100 users' SFI in 256 scheduling periods. The SFI represents the difference between the maximum and the minimum amongst all the users' throughput. According to the definition of SFI shown as the formula (14), a lower SFI indicates higher fairness. And if the SFI is high, the users experiencing a lower data rate may complain about their unfair treatment. Fig. 11(a) and Fig. 11(b) show the average fairness under uniform layout and hexagonal layout, respectively. In the uniform layout, the SFI of UFR is the highest, indicating the worst fairness is achieved, as shown in Fig. 11(a) . The reason is obvious. The interference at the AP with a larger service user load is large, which leads to lower throughput and further affect SFI. From Fig. 11(b) , we can also observe that the same fairness trend is achieved in hexagonal layout. By contrast, the fairness achieved by our proposed scheme is superior to or at least not worse than the other schemes for the round-robin mechanism and the frequency reuse are employed to guarantee the fairness and the throughput. 
V. CONCLUSION
In this paper, we propose a dynamic frequency reuse scheme based on BDTLTS algorithm to mitigate the inter-cell interference and the inter-user interference. To prevent the algorithm from getting stuck in the local optimum and from searching repeatedly, we propose the BDTLTS algorithm by employing a bidirectional double tabu list strategy. We analyze, by constructing an interference graph, the potential interference suffered from users, combining the interference relationships with the BDTLTS algorithm. In addition, we seek the optimal dynamic frequency reuse scheme by our improved algorithm. Simulation results indicate that our proposed scheme is able to achieve higher throughput and ASE without lowering fairness. The advantage of our proposed scheme is especially obvious for numerous users. This has verified the effectiveness of our proposed method by simulating different LED layouts. Our results suggest that our proposed method can be of great significance in dealing with the problem of poor communication performance in similar scenarios. Her research interests include all-optical network research, all-optical witch structure and scheduling algorithm research, and information acquiring and processing. VOLUME 7, 2019 
